A fundamental property of human visual perception is our ability to distinguish between textures. A concerted effort has been made to account for texture segregation in terms of linear spatial filter models and their nonlinear extensions. However, for certain texture pairs the ease of discrimination changes when the role of figure and ground are reversed. This asymmetry poses a problem for both linear and nonlinear models. We have isolated a property of texture perception that can account for this asymmetry in discrimination: subjective closure. This property, which is also responsible for visual illusions, appears to be explainable by early visual processes alone. Our results force a reexamination of the process of human texture segregation and of some recent models that were introduced to explain it.
The human visual system exhibits a remarkable ability to detect subtle differences in textures that are generated from an aggregate of local micropatterns or elements. Current theories attempt to explain texture discriminability in terms of specific features of the elements. Recently efforts have centered on the merits of texture discrimination based simply on the differential response of linear filters tuned for size (1, 2) and their limitations (3) . A property of texture perception that is not dealt with by these models is the asymmetry effect, that the ease of distinguishing a texture A from a background texture B is not the same as distinguishing the texture B from background texture A (4) (5) (6) . The existence of such perceptual asymmetries poses problems for linear filter models because the filter response to the two micropattern types will remain the same even when the roles are switched.
An example ofthe perceptual asymmetry is shown in Fig. 1 for the texture pair consisting of intact circles and closed circles (represented as octagons). We can effortlessly perceive a group of four open circles in a field of closed ones on the left in Fig. 1A . But, to detect a group of four closed circles in a field of open ones on the right in Fig. 1A is much more difficult and requires element-by-element scrutiny. Although the orientation of the gaps has been randomized in Fig. 1A , the asymmetry is still observed if all the gaps have the same orientation as shown in Fig. 1B . That a gapped circle is more easily detected has been taken to imply that line ends (terminators) marking the gap are a more significant feature for perception than connectedness (closure), (7) . Two explanations have been proposed to account for the asymmetry effect of texture discrimination. Treisman and Gormican (6) have proposed a Weber-law explanation. Rubenstein and Sagi (8) have proposed a model based on increased variance in a nonlinear spatial filter model as orientation of the texture elements is randomized. We have discovered results that do not support this interpretation.
To determine whether the asymmetry can be attributed to a specific feature of the elements, we used a simplified version of the stimulus in Fig. 1 The observers initiated a trial by key press. During an experiment two different stimuli were presented. On halfof the experimental trials, chosen at random, a stimulus consisting of a single target and distractor was presented for 48 msec. To limit the observer's search time this stimulus was masked by a pattern of two elements. The location of the elements of this masking pattern was at the same location on the ring as the elements in the stimulus. In the mask each element was composed ofjuxtaposing the targetand distractor elements. The masking pattern had a stimulus onset asynchrony of 112 msec and a duration of 48 msec. For the other trials the two elements of the stimulus were both distractor elements. This stimulus was also masked by a pattern with elements consisting of thejuxtaposition of target and distractor. Observers were required to determine whether or not the target was presented during a trial. Feedback was provided regarding the correctness of the observers' response. Over the course of five experimental sessions 500 trials were presented.
Four observers participated in the study. One of the authors served as an observer, while the other three observers were naive to the purpose of the experiments. (12) and significantly elaborated by Kanizsa (13) . Recently, neural feature extractors were found in area V2 of the monkey brain, which are tuned for subjective contours (14 1 -(1 -p)(1 -p) . Ifp is taken to be 27%, then the probability that at least one of two open circles is being perceptually closed (z52%) is shown by the arrow in Fig. 2 Lower. There is reasonable agreement between data and theory. To eliminate the possibility that a response bias could be responsible for the high false alarm rate, a two-alternative forced-choice method was also used. Thus rather than the gap being an emergent feature, it is its closure that leads to the asymmetry. This subjective closure would also explain why discrimination becomes more symmetric as the gap is widened (7) . As the gap size is increased the likelihood of subjectively closing the gap diminishes, and a closed circle and an open circle become equally detectable.
RESULTS
In addition to the gapped and intact circle, subjective closure can account for the search asymmetry for many other texture element pairs. An example is the elongated S (5) and 10 (a). These elements consist of the same three horizontal line segments and same two vertical line segments. The aspect ratio of vertical length to horizontal length is approximately 1:3. The difference between the elements is the location of the vertical gaps. Textures composed of these elements are indistinguishable (4) . It was proposed that the failure to segregate the textures results from the fact that both elements have the same number ofterminators. To determine whether there is subjective closure at the terminators of the contour, we carried out an experiment analogous to the two-element experiment with the gapped and intact circle. The discriminability of each of the elements S and 10 were separately tested against an 8 (E) element, which contains no gaps.
First consider the case for the S and 8. As with the gapped and intact circles we considered two stimulus conditions. For the first condition, on half the trials (chosen at random) the stimulus consisted of a target S and a distractor 8. For the remaining trials both elements were 8. Observers were required to determine whether at least one of the elements contained a gap or gaps on each presentation. In the second condition the roles of target and distractor were reversed. On halfofthe trials a target 8 and distractor S were presented. On the remaining trials the stimulus consisted of two S elements. In this condition, the observers were required to determine whether one or more of the elements on each presentation were completely closed. For the first condition, with a target S and distractor 8, the percent correct for detection was =63%. For two 8 distractors the percent correct was 83%. When the roles of target and distractor were reversed, the percent correct for a target and distractor was 80% whereas that for two distractors decreased to 51%. The high false alarm rate for detecting at least one 8 in a stimulus consisting of just two S elements suggests that the gaps are being perceptually closed by subjective contours as was the case for the gapped and intact circles.
The analogous experiment for the 10 and 8 gave similar results. With a target 10 and distractor 8 the percent correct for detection was =58%. For two 8 distractors the percent correct was 88%. When the roles oftarget and distractor were reversed, then the percent correct for a target and distractor was 79o whereas that for two distractors decreased to 44%. Again the high false alarm rate for detecting at least one 8 in a stimulus consisting ofjust two 10 elements suggests that the gaps are being perceptually closed.
Thus, the results suggest that the reason that the 10 and S are not discriminable is that the gaps are being closed by subjective contours and the elements become perceptually indistinguishable. This is also consistent with the result of Julesz (10), who found that if the aspect ratio of the line lengths is changed to 1, these elements can be discriminated because the gap is less likely to be closed by subjective closure. Two-element experiments like the ones described above confirm that the gaps are no longer perceived as closed for such elements. Thus the explanation that the failure to discriminate the S and 10 is due to the two elements having an equal number of terminators holds if the gaps created by the terminators are sufficiently small to permit subjective contours to occur.
DISCUSSION
It is well documented that a perceived visual image can differ from the actual scene. For example, incomplete boundaries in a scene can be completed by illusory or subjective contours. Our results suggest that this fundamental property of visual processing plays a crucial role in texture discrimination and can account for the perceptual asymmetries described above. These results have forced us to reexamine the process of texture segregation in general. The fact that textures are devoid of recognizable global forms has been taken as justification for using such stimuli to determine primitive local features of visual information processing. Presumably, if two element types generate textures that can be distinguished from each other, then a specific feature in one of the elements types could be an emergent feature of the visual system. Our results suggest that visual processing of textures is not limited to simply the collective responses of isolated elements. Instead, it appears that an active visual process encodes the stimulus without necessarily keeping the individual elements intact. The completion of local boundaries into global structures (subjective contours) is fundamental to the process of texture perception. Perceptual asymmetries in texture segregation are therefore not merely troubling anomalies but rather reveal information about processes that are critical to visual perception. By considering the property of subjective contour we can provide a more parsimonious explanation of texture segregation and related phenomena.
As noted in the Introduction, there are two alternative explanations for the perceptual asymmetry of texture segregation. Treisman and Gormican (6) The proposal of Fogel and Sagi (15) that the asymmetry of texture segregation is a result of the randomization of the orientation of the elements is also not supported by the results. Fig. 1B demonstrates that asymmetry can be present even if the orientation of the open circle elements is not randomized.
In conclusion, our results point to the need to consider closure and subjective closure within elements when investigating the nature of human texture perception. These findings have application to future research in human perception and suggest more appropriate computer models of texture detection.
